The detection sensitivity of silver nanoparticle (AgNP)-tagged goat immunoglobulin G (gIgG) microarrays was investigated by studying surface plasmon resonance (SPR) images captured in the visible wavelength range with the help of a Kretchmann-configured optical coupling set-up. The functionalization of anti-gIgG molecules on the AgNP surface was studied using transmission electron microscopy, photon correlation measurements and UV-visible absorption spectroscopy. A value of 1.3 Â 10 7 M 21 was obtained for the antibody-antigen binding constant by monitoring the binding events at a particular resonance wavelength. The detection limit of this SPR imaging instrument is 6.66 nM of gIgG achieved through signal enhancement by a factor of larger than 4 owing to nanoparticle tagging with the antibody.
INTRODUCTION
The surface plasmon resonance imaging (SPRI) system offers high-fidelity, high-throughput capabilities of simultaneously monitoring multiple reactions owing to immobilization of biomolecules on a substrate at differently designated spots of micrometre sizes. The technique is a label-free, highly surface-sensitive detection mechanism of chemical and biological analytes in a real-time environment [1, 2] . SPRI-based sensing systems have recently been employed for studying the hybridization mechanisms of different types of deoxyribonucleic acid (DNA) immobilized on discrete on-chip sites [3] , weak protein-carbohydrate interactions for cellular recognition [4] and the kinetics of protein adsorption/desorption onto peptide microarrays [5, 6] . SPRI detects the changes in refractive index in close proximity to the surface of a thin metal film as variations in light intensity reflected from the back of the film and thus requires no labelling [7] .
In recent years, silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) have extensively been used as labels for biomolecules with a view to studying the DNA hybridization using the surface-enhanced resonance Raman scattering (SERRS) technique [8] . Highly reproducible SERRS activity was achieved with the intensity error lower than 15 per cent for AuNPs embedded with Raman active molecules, rhodamine 6G (R6G), when the AuNPs-R6G@Ag nanostructures were assembled on glass for 2 h with silver deposition based on silver enhancer solution for 2 min [9] . When protein membranes were labelled with 10 nm AuNPs in cells, high-sensitivity, stable three-dimensional imaging of individual nanoparticles was obtained using the aphotothermal interference contrast method [10] . The signal intensities were, however, low and prone to fluctuation. The active life was also limited owing to photobleaching if the distance for transfer of energy became longer than 10 nm. Noble metal nanoparticles exhibit tunable optical resonances in the visible range. Plasmon coupling was employed to continuously monitor separations between single pairs of AuNPs and AgNPs of up to 70 nm for longer than 50 min and the kinetics of single DNA hybridization events without any interference from photobleaching [11] . Antibodies were immobilized onto 300 nanospots on the sensing surface of the multiarray optical nanochip using their interaction with protein A and the concentrations of antigens were determined from the peak absorption intensity of the localized SPR spectra [12] . Metal nanoshells consisting of a spherical silica core nanoparticle surrounded by a thin gold shell were embedded into solid tumours for in vivo treatment for cancer. Because nanoshells are tunable to absorb near-infrared (NIR) light, their use was found to make thermal ablation treatment almost non-invasive, generating heat to the predefined tissue volume with minimum possible damage to intervening and surrounding normal tissue. Irreversible damage was observed to have occurred within 6 min on extracorporeal exposure of NIR (820 nm) light having intensity as low as 4 W cm 21 to a tumour spot with a 5 mm diameter. The temperature distribution was monitored by the phase-sensitive, fast-spoiled gradient-echo magnetic resonance, and the average temperature was found to be significantly higher than that of tissues treated without nanoshells [13] .
In the present study, AgNPs have been employed to tag antibody for enhancing the detection capability. The functionalization of AgNPs with anti-goat immunoglobulin G (anti-gIgG) was characterized by transmission electron microscopy (TEM), photon correlation and UV-visible spectroscopies. The sensitivity of this AgNP-tagged anti-gIgG (AgNP-anti-gIgG) in sandwich immunoassays was examined in this investigation for the first time, by comparing reflected light intensity with untagged anti-gIgG at a fixed angle in our wavelengthscanning SPRI system. The easy, economical route to the synthesis of AgNPs has now been well established [14] . The use of AgNPs for the amplified SPRI immunoassay of gIgG provides a simple, cost-effective and sensitive sandwich immunoassay method compared with enzyme-linked immunosorbent assay [15] .
EXPERIMENTAL
Materials such as gIgG, rabbit anti-gIgG, bovine serum albumin (BSA), 11-mercaptoundecanoic acid (MUA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma. The remaining chemicals such as ethanol, silver nitrate (AgNO 3 ), sodium citrate, tetrahydrofuran (THF) and gold were obtained from the UK supplier of Sigma-Aldrich. All reagents were used as received. All stock solutions were prepared using deionized MilliQ water of resistivity 18 MV cm. AgNPs were synthesized by reducing 0.12 mM AgNO 3 in 0.42 mM sodium citrate in 100 ml of water at a temperature near to the boiling point [16] . After cooling to room temperature in the dark, the reaction mixture was stabilized at pH 4.5 by adding 1 ml of THF to prevent further uncontrolled growth of nanoparticles of varying sizes [17] . AgNPs functionalized with anti-gIgG solution (AgNP -anti-gIgG) were prepared by constantly stirring the mixture of 1 ml of stock solution of AgNPs with 400 ml of 1 mg ml 21 antigIgG solution. The mixture was centrifuged three times at 9000 r.p.m. for 20 min. The precipitate was collected and dispersed in 5 ml of water. The solution was stirred for 15 min and used immediately.
The nanoparticles and functionalized nanoparticles (with antibody in AgNP -anti-gIgG solution) were characterized by high-resolution TEM (JEOL JEM 2010), Zetasizer (Malvern Instruments, model ZEN 3600) and UV -visible spectroscopy (Shimadzu UV-VIS-3101PC). For the TEM examination of AgNPs and the AgNP -anti-gIgG complex, a drop of solution was applied onto a carbon-coated copper grid and observed under the accelerating voltage of 200 kV with different magnifications. The hydrodynamic diameter of the AgNPs was measured using photon correlation spectroscopy (PCS) on a Malvern Zetasizer 3600 instrument (Malvern Instruments, UK) before and after antibody functionalization. The instrument is equipped with an external red laser (wavelength of 633 nm) for illuminating the solution contained in a cell, and scattered light by the particles is detected in a non-invasive mode by placing an avalanche photodiode (quantum efficiency of greater than 50% at 633 nm) at 1738 relative to the source. SPRI experiments were performed on the plasmon active gold films on the glass substrates and AgNP-anti-gIgG immobilization on the gold-coated glass substrate using the Kretschmann configuration for optical coupling of plasmons [18] . As shown in figure 1 , the wavelength-scanning mechanism was similar to that proposed by Johansen et al. [19] . The p-polarized collimated beam from a white light source was incident on the right-angle prism surface at a fixed incident angle u ¼ 46
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. The sample substrates were brought into optical contact with the prism (with an index of refraction n p ¼ 1.515) using an index-matching fluid. The total internal reflected light from the base of the prism was passed through a tunable filter capable of modulating the wavelength with an accuracy of 2.5 + 0.5 nm. The images captured by a CCD camera in the dark in air were transferred to a personal computer for analysis. The resolving power and the chip area of the CCD are 4.65 mm and 5 mm Â 3.5 mm, respectively. The mean greyscale intensity of each captured image at each wavelength was calculated using ImageJ 1.37t (National Institutes of Health, Bethesda, MD). The dark (0%) and bright (100%) detector response was set to 0 and 255 in greyscale intensity for calibration purposes.
SPRI substrates were prepared by evaporating 47 nm thick gold (Au) films with a 1 nm chromium precursor layer on 2.5 Â 3.5 cm 2 BK7 microscope glass slides (Menzel-Glaser, Germany). Monolayers (SAM) of MUA were self-assembled on gold under mild conditions in order to control the surface charge density of probe biomolecules and surface wettability properties. The COOH-terminal functional groups of the MUA molecules provided the means for biomolecular probing through a chemical 'linker' and controlled the amount of the desired biomolecules. The chip was immersed in an ethanol solution of MUA (6.66 mM) overnight. After rinsing, the chip was activated with a mixed solution of EDC (200 mM) and NHS (50 mM) for 2 h, washed with deionized Millipore water and air dried. Antibody immobilization and sandwich immunoassay on the SAM-modified Au chips were performed by following the standard protocol [20] . Samples containing gIgG (6.66 -660 nM), 178.5 mM anti-gIgG and BSA (20 mg ml 21 ) were prepared in 10 mM phosphate buffer saline at pH 7.4. All experiments were performed at room temperature. The assay was initiated when 0.5 ml of buffer containing anti-gIgG was incubated on the SAM-modified gold chip for 2 h in an incubator.
After extensive washing in buffer and water, the chip was dried in air. Using an x -y micro-spotting device, an array of spots about 350 mm in diameter of gIgG of varying concentration was produced on the immobilized captured antibody. After incubating in a humid chamber for 2 h and washing in buffer and water and air drying, the chip was spotted by AgNP -anti-gIgG solution exactly on the same position as previously spotted gIgG. The remaining area of the chip was covered by BSA solution for 1 h for reduction of nonspecific adsorption. The chip incubation, washing and drying were then performed as before.
RESULTS AND DISCUSSION
Transmission electron micrographs of AgNPs are displayed in figure 2. AgNPs synthesized by the citrate reduction method with the THF stabilizer were found to exhibit a significant variation in size and shape (figure 2a). The particle diameter was estimated to be in the range of 10-40 nm, and these values are lower than those reported earlier [16] . Long Ag nanorods were also visible in this electron micrograph and close observation revealed the existence of a few faceted nanoparticles. Excess silver in the solution is believed to favour aggregation, leading to the growth of the dendritic structure of Ag clusters, as shown in figure 2b. The growth of these tree-like structures of AgNPs can be explained in terms of the diffusion-limited aggregated model [21] . Figure 2c shows the TEM image of AgNPs functionalized with anti-gIgG in which non-uniform binding of AgNPs to the aggregated anti-gIgG surface can be clearly identified. The agglomerate became larger in size between 25 and 60 nm. It is to be noted that the IgG antibody is a Y-shaped structure with dimensions of 14 nm Â 10 nm Â 4 nm [22] . A value of approximately 0.2 was estimated for the ratio of conjugation between AgNPs and anti-gIgG in AgNP-anti-gIgG complexes.
The results of PCS measurements are given in figure 3 , which shows relative scattering intensity versus hydrodynamic particle size distribution (ISD) in the form of histograms for AgNPs before and after antibody functionalization. The hydrodynamic diameter refers to the size of a sphere that has the same average diffusion coefficient as the molecule being measured and depends upon surface structure, concentration and types of ions in the medium [23] . The ISD showed bi-modal characteristics in both cases. The antibody functionalization moved the position of the main peak mode from 120 to 190 nm while the intensity remained almost constant at 8 per cent. An increase from 16 to 25 nm was observed for the second peak mode with an accompanying decrease in the intensity from 3 to 1 per cent. The dependence of the intensity (I) of scattered light on the spherical particle diameter (d) obeys a power law in the form of I / d 6 according to the Rayleigh approximations [24] . The ratio of population of the large particles to that of the small particles was, therefore, estimated to be 5.94 Â 10 26 before antibody functionalization, whereas this ratio increased to 4.15 Â 10 25 after antibody functionalization. This implies that the small AgNPs grew in size in sufficiently large numbers as a result of the agglomeration with antigIgG, giving rise to a fivefold increase in the relative concentrations. Figure 4 shows the UV-visible absorption spectrum of the AgNP-anti-gIgG complexes. The spectra for the AgNPs and pure anti-gIgG solution are included for comparison. The original concentration of AgNP -antigIgG solution was diluted by three times and an absorption spectrum of the resulting solution was studied. The colour of the AgNP solution changed from light grey to dark brown after functionalization with anti-gIgG. The position of the LSPR peak of AgNPs functionalized with anti-gIgG was red-shifted to 452 nm with respect to the peak of AgNPs at 430 nm. The amount of this red shift is nearly the same as that obtained for AgNPs individually modified with small 1-hexadecanethiol molecules [25] . However, the position of the AgNP absorption peak is not fixed but generally depends upon the distribution of the nanoparticles' sizes and shapes as a result of citrate reduction [26] . It has been recently reported that an increase in the silver to citrate ratio from 1 : 1.6 to 1 : 4.2 produced the variation in particle sizes between 36 and 66 nm, causing the absorption peak shift from 408 to 433 nm [27] . The absorption peaks for AgNP and AgNPanti-gIgG complexes were both broadened owing to aggregation in the solution coupled with the change of inter particle distance [28] . The specific peak at 280 nm in pure anti-gIgG solution owing to aromatic amino acids ( phenylalanine, tyrosine and tryptophan) was blue-shifted to 260 nm after bonding with AgNPs. UV-visible absorption, TEM and PCS measurements were repeated three times to ensure the formation of a stable AgNP -anti-gIgG complex. angle of 468. These curves were obtained by the fourthorder polynomial fitting to experimental data. The dip in the reflectivity curve represents the resonance that occurs when the momentum of the incoming light is equal to the momentum of the plasmons. The dip is not sharp, implying that the surface plasmon wave was damped and the optical coupling became relatively stronger after immobilization. The SPRI resonance wavelength underwent a red shift from 542 to 546 nm when the Au surface was modified with the overlayer of MUA SAM. Further red shift of the resonance wavelength to 552 nm was observed owing to the anti-gIgG immobilization on the MUA-modified Au surface. This observation of red shifts is consistent with the results of absorption spectroscopy mentioned earlier.
Using PC-based software with matrix formalism, values of 1.9 nm and 1.52 were obtained for the thickness and refractive index (at 542 nm) of the MUA SAM overlayer from the self-consistent solution of the Fresnel equations for reflectance close to resonance in a Kretschmann's four-layer geometry of glass/gold/ MUA (or MUA þ anti-gIG)/air. These values agree well with those reported from ellipsometric measurements [29] . A value of 60 nm for half-widths of all three SPRI curves indicates no appreciable change in the thickness owing to the immobilization [19] . The sensitivity S n of an SPR sensor owing to the refractive indices is approximately taken to be proportional to the inverse of the cube of the refractive index of the MUA SAM [30] . The value of S n is, therefore, of the order of 30 per cent. Figure 6a ,b shows SPR images of 6.66 and 660 nM gIgG antigen spots on the sensor array on the immobilized anti-gIgG sensor surface. The angle of incidence was set at 468 and the incident wavelength was 552 nm. For the given surface coverage used here, the greyscale intensity in SPRI was taken to be linearly proportional to the materials deposited. These two different concentrations were chosen for the minimum and maximum reflectivity change owing to different mass depositions on the gold surface. It should be noted that the signal derived from the area between two spots can be used as a reference. The obtained image contrast of antigen spot compared with the base demonstrates the reduction in non-specific adsorption. The spatial distribution of percentage of reflectance (%R) of these images is calculated and shown in figure 6c. The SPR signal change was reproducible for the protein-adsorbed spots. The spatial resolution of these SPRI experiments was of the order of hundreds of micrometre, which provides enough resolution to resolve the spots. Since the changes in %R in the SPRI experiment were proportional to the amount of molecules adsorbed onto the surface, data from these measurements were used to quantitatively determine the concentration dependence of antibody -antigen binding on the surface. The percentage of reflectance change (D%R) was averaged and normalized over three spots with respect to the background anti-gIgG surface at the same wavelength. The nonlinear response between D%R and concentration is fitted to the following equation
ð3:1Þ
where k a is the affinity constant and C is the antigen concentration. Figure 7 shows the dose -response curve of the interaction of surface-immobilized anti-gIgG and gIgG where the concentration of gIgG is plotted against D%R. A value of 1.27 Â 10 7 M 21 was obtained for the affinity constant, and this value is consistent with the general range of antibody -antigen interaction reported by McMahon & O'Kennedy [31] .
Optimization of signal enhancement of anti-gIgG after AgNP functionalization was performed with the help of SPRI. Figure 8 shows the post-binding SPR images of 6.66 and 660 nM gIgG spots after chip incubation in AgNP-anti-gIgG solution at 552 nm. The large-scale heterogeneity across the printing area was believed to be satisfactory for the AgNP-functionalized anti-gIgG surface. The excitation wavelength of 552 nm of the incident light was resonant with a fraction of SP resonances in irregularly shaped cluster composites of Ag films. This is attributed to the SPR of AgNPs in Ag-anti-IgG composite film, which is in agreement with the observed black spots in post-binding SPR images. The resonant coupling of incident light may also be associated with a strong scattering as a secondary process. The magnitude of the scattering efficiency and the relative contribution to the total extinction were shown to vary with particle size and shape, metal composition and surrounding medium [32, 33] . Values of %R that were obtained from the spatial distribution of spots, as indicated in figure 8c, are not appreciably different. %R for concentrations of less than 6.66 nM of the AgNP-anti-IgG overlayer on the gold surface and low reflection required high-intensity illumination. The reflection for the overlayer with a concentration higher than 660 nM reached the pixel saturation value for the camera used [34] .
In order to overcome this instrument limitation, the dependence of the differential reflectance (D%R) of the AgNP-anti-IgG overlayer on the gold surface on concentrations of gIgG is presented in figure 9 . Histograms of the overlayer without the AgNP tag are included for the sake of comparison. The signal factor owing to the tagging was estimated to be 4.33 for 6.66 nM gIgG. Signal enhancement for higher concentrations, such as 660 nM, was found to be relatively small (0.14). The low signal enhancement at the high gIgG concentration may be due to the formation of a denser layer of gIgG on the NP surface (steric hindrance effect), which reduced the rate of adsorption of the nanoparticle-tagged antibody. The reorientation and lateral diffusion of nanoparticletagged anti-gIgG was also expected to offer the available binding site as a favourable position [35] .
The minimum detection limit obtained in the present investigation compares very well with the published data for the human immunoglobulin G-antibody interactions that were studied using a similarly constructed SPRI system [36] . The SPRI detection limit of ovalbumin using electroaddressing of anti-ovalbumin IgG was found to be 2 nM [37] . A lower limit of 1 nM was achieved for detecting two clinically important low-molecularweight proteins, beta(2)-microglobulin and cystatin C, using high-density multiplexed antibody arrays on gold surfaces in the SPRI system [38] . The range between 6.66 and 660 nM investigated in the present study is limited to the angle of incidence of 468.
A control experiment was carried out with AgNP-functionalized BSA on the immobilized antigIgG-patterned chip. The D%R of the image was found to be within the limit of between 3 and 5 per cent. Nonspecific binding was also performed in a separate measurement, by dropping 10 mM of anti-BSA solution on immobilized IgG spots for 30 min. The SPRI experiment was repeated after washing and drying the chip. However, no concentration-dependent response of D%R of the SPR images was observed, indicating the biological activity of the immobilized antibody.
CONCLUDING REMARKS
The citrate reduction method with the THF stabilizer was employed to synthesize AgNPs with sizes ranging from 10 to 40 nm. The functionalization ratio between AgNPs with anti-gIgG in the stable AgNP-anti-gIgG complex was found to be approximately 1 : 5 from TEM analysis. The red shift of the absorption peaks owing to the functionalization of the anti-gIgG molecules on the AgNP surface is believed to have arisen from the increases in particle sizes. This interpretation is supported by the particle size distribution as measured by PCS. The binding of gIgG with an immobilized rabbit anti-gIgG surface was monitored by considering reflectivity changes in the percentage (D%R) of anti-gIgG at a fixed angle for the SPRI resonance wavelength. After nanoparticle functionalization with anti-gIgG, SPRI signal enhancement was found to be 4.33 times larger than that obtained without nanoparticle tagging. This result indicates the possibility of detection of low analyte concentrations in an early-stage tumour/cancer cell with the help of SPRI spectroscopy. The detection limit of the present investigation is in the nanomolar range, consistent with the published data. Differential spectroscopic SPR measurements using different incident angles have the potential to extend the detection range.
